We have investigated all-optical modulators in gallium arsenide integrated optical waveguides; these modulators use electron -hole pair generation to alter the propagation characteristics of a guided light beam.
INTRODUCTION
All-optical signal processing and routing is one way that vast amounts of information can be efficiently processed. Because two light beams do not interact with each other in a vacuum, the task of building all-optical signal processing elements can frequently become non -trivial; a nonlinear optical material is generally required so that these light beams can interact indirectly. Researchers have thus investigated many different types of nonlinear optical materials and device configurations to perform such all-optical signal processing functions, including organic polymer thin film waveguides (1) , multiple quantum well resonators (2) , and bistable optical logic gates (3) . Regretfully, such structures generally require exotic material technologies and device configurations. Furthermore, devices such as bistable optical logic gates, which use resonator geometries, tend to be very temperature sensitive. In addition, because exciton lines are very narrow, multiple quantum well based devices require stringent controls on the optical wavelength (with a corresponding increase in optical attenuation if the device is operated at an exciton peak). Because of the above limitations, there has been a resurgence of interest in all -optical modulators which use free carrier injection to modulate a guided beam (in this case, free carrier injection changes both the refractive index and absorption coefficient of a semiconductor material ). described similar work in gallium arsenide integrated optical waveguides, but at a wavelength of 10.6 µm (6). Here, we discuss free -carrier modulation in gallium arsenide integrated optical waveguides at a wavelength of 1.3 pm.
EXPERIMENTAL SET -UP
A schematic of the ridge integrated optical waveguide structure of interest is shown in Fig. 1 Layer 1 is a 5 µm layer of low doped (n -) GaAs grown by metal-organic -chemical-vapor -deposition (MOCVD) on a high doped (n +) GaAs substrate. Layer 1 has a lower free carrier concentration than the high doped substrate; consequently layer 1 has a higher refractive index, and light is confined to layer 1. Lateral confinement is provided by etching ridges into the surface of layer 1 with a wet chemical mixture, thus "strip-loading" the structure.
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Our experimental set-up is shown in Figs. 2a and 2b. A "probe" 1.3 pm laser beam is coupled into the GaAs ridge optical waveguide. Subsequently, a "pump" 1.3 |im laser beam from an optical fiber at height, h, above the surface illuminates the waveguide structure from die top, thereby injecting free carriers into the structure. Injection of free carriers increases the absorption coefficiecnt of layer 1, thus decreasing the amount of 1.3 p.m laser light transmitted. As a result, the propagation characteristics of the 1.3 µm "probe" beam are altered by the "pump" beam. In our first series of experiments, we coupled 1.3 p.m laser light into a GaAs integrated optical waveguide structure. We then illuminated the integrated optical structure with sub -nanosecond, 30 nJ, 0.571 p.m, light pulses from a nitrogen pumped dye laser, and monitored the degradation in transmission of the 1.3 µm guided beam with a high speed photodetector. An oscilloscope trace of the photodetector output is shown in Fig. 3 . Fig. 3 . All-optical modulation with 30 nJ, 0.571 µm "pump" pulse.
The trace characteristics indicate subnanosecond decrease in transmisssion from the baseline level followed by nanosecond recovery. We estimate that the transmission at the minimum of the Gaussian pulse has been reduced by approximately 90 %.
In our next series of experiments, we changed both the wavelength and energy of the "pump" pulse, and illuminated the integrated optical waveguide with 0.82 µm laser pulses. 
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In our next series of experiments, we changed both the wavelength and energy of the "pump" pulse, and illuminated the integrated optical waveguide with 0.82 Jim laser pulses. The 0.82 jam laser pulses have a penetration depth in gallium arsenide of approximately 5 |im; in contrast, 0.571 |im pulses have a penetration depth of 0.2 -0.3 |im. Thus, with short wavelength pulses, light absorption only occurs near the surface of the waveguide structure, while with long wavelength pulses, free carriers are generated throughout the waveguide. Fig. 4a shows an oscilloscope trace of the photodetector output when the waveguide is illuminated with 220 nJ, 0.82 µm light pulses, and Fig. 4b shows an oscilloscope trace when the waveguide is illuminated with 250 pJ pulses (in both cases, the transmission is again reduced within the waveguide, but the oscilloscope has inverted the pulse). Fig. 4b clearly indicates that light -with -light modulation is still detectable with 250 pJ optical pulses, but the modulation depth is considerably reduced.
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Figs. 4a -b. All-optical modulation with 220 nJ, 0.82 pm "pump" pulses (a) and 250 pJ, 0.82 pm "pump" pulses (b).
Finally, we modified our experimental setup and observed modulation characteristics which are indicative of beam deflection, rather than beam absorption. The experimental setup is shown in Fig. 5 . We have replaced the ridge optical waveguide with a simple n -/n+ GaAs optical waveguide. Light is again confined vertically to the n-layer; however, because there are no ridges, light is not confined horizontally. Again, light is coupled in and out of the waveguide with optical fibers, and an optical fiber is also used to provide the "pump" pulse. wavelength pulses, free carriers are generated throughout the waveguide. Fig. 4a shows an oscilloscope trace of the photodetector output when the waveguide is illuminated with 220 nJ, 0.82 jim light pulses, and Fig. 4b shows an oscilloscope trace when the waveguide is illuminated with 250 pJ pulses (in both cases, the transmission is again reduced within the waveguide, but the oscilloscope has inverted the pulse). Fig. 4b clearly indicates that light-with-light modulation is still detectable with 250 pJ optical pulses, but the modulation depth is considerably reduced
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Finally, we modified our experimental setup and observed modulation characteristics which are indicative of beam deflection, rather than beam absorption. The experimental setup is shown in Fig. 5 . We have replaced the ridge optical waveguide with a simple n-/n+ GaAs optical waveguide. Light is again confined vertically to the n-layer; however, because there are no ridges, light is not confined horizontally. Again, light is coupled in and out of the waveguide with optical fibers, and an optical fiber is also used to provide the "pump" pulse.
Figs, 6a-c show oscilloscope traces of the photodetector output from the optical fiber. First, we aligned the output fiber for maximum transmission (x = 0). As Fig. 6a indicates, carrier injection with the "pump" pulse yields a positive signal trace on the photodetector. Next, the output optical fiber was shifted laterally 15 µm (x = 15 µm), and the carriers were again injected with the "pump" pulse. As Fig. 6b indicates, the signal trace is first negative and then slightly positive. Finally, the output fiber was shifted laterally to x = 20 p.m, and the experiment was repeated. As  Fig. 6c indicates, the signal trace is negative. Thus, the sign of the signal trace changes as the output fiber is shifted laterally. We attribute this result to creation of a negative free -carrier lens within the planar waveguide (5-6). Indeed, free-carrier injection can change both the absorption coefficient and the refractive index of the semiconductor; creation of a waveguide lens would tend to steer the guided beam, and our results are consistent with the theory that, if the fiber is slightly off -axis, the beam is deflected, first, into, and then past, and then back into the optical fiber (5). This behavior would thus explain the sign changes observed in Fig. 6a -c . Finally, we note that a ridge waveguide confines the guided light laterally. Thus, light absorption, rather than beam deflection, predominates in the experiments described in Figs. 1-4. 
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